rapidly, although the local tissue hemoglobin was not completely deoxygenated. The value of local cerebral oxygen consumption obtained by this method was 3.02 ± 0.61 mL O2/100 g brain/min; it was not influenced by the change in systemic blood pressure. The effect of pento barbital on cerebral oxygen consumption was also studied. At the stage of burst and suppression on electro corticogram, cerebral oxygen consumption decreased significantly (p < 0.001) to 1.03 ± 0.07 mL O2/100 g brain/min. Key Words: Cerebral oxygen consumption Local measurement-Tissue hemoglobin-Spectropho toanalysis.
tissue oxygen tension curve during local or global ischemia of the brain.
Oxygen tension both at the point of supply (cir culating oxyhemoglobin) and at the point of con sumption (mitochondrial respiratory chain) can be measured directly by spectrophotoanalysis of these endogenous pigments (Sato et ai, 198 1; Bashford et ai, 1982) . Hemoglobin shows spectroscopically de tectable signals that serve as indicators of oxygen delivery, since both oxyhemoglobin and deoxyhe moglobin have their own characteristic spectra. If the tissue hemoglobin content and the conversion rate of the oxyhemoglobin to deoxyhemoglobin in a given time are measured during a temporary cessa tion of tissue circulation, oxygen consumption can be determined.
We applied the spectrophotometry to the mea surement of CMR02 in a small area of cerebral cortex in vivo. This method is mainly based on Sato's method for the assessment of oxygen metab olism in rat liver (Sato et ai, 1978, 198 1) . To tempo rarily stop local tissue circulation, the surface of the cortex was compressed manually by the tip of an optic probe (2.4 mm in diameter) on the assump tion that the oxygen consumption is negligibly in fluenced by a short period of compression.
MATERIALS AND METHODS

Principle of the direct measurement of LCMR02
If the circulation of a tissue is arrested completely, the hemoglobin remaining in the tissue changes rapidly from an oxygenated-form to a deoxygenated-form to maintain the oxygen metabolism of the tissue. This conversion of oxyhemoglobin to deoxyhemoglobin is regarded as LCMR02 of the tissue, provided that the cessation of blood flow is complete and that the amount of hemo globin remaining in the tissue is constant. Some of the oxygen exists in a free-form in the plasma. However, the amount of free oxygen is much smaller than that of hemo globin-bound oxygen. Furthermore, the free-form oxygen will probably be consumed earlier than the bound-form. Thus, the influence of the free-form oxygen to the mea surement of oxygen consumption in the tissue would be negligible.
Since one molecule of hemoglobin consists of four he moglobin subunits and one molecule of oxygen binds to one hemoglobin SUbunit, the content of hemoglobin sub units in the tissue reflects the oxygen supply to the tissue. In tissue where the circulation is blocked, the content of oxygen-released hemoglobin subunits can be calculated by the total content of hemoglobin subunits mUltiplied by the decrease of hemoglobin oxygenation. On the other hand, the amount of oxygen molecules consumed by tissue respiration equals that of oxygen-released hemo globin subunits during a certain period. Thus, the oxygen consumption of local tissue can be expressed as:
where this dimension is expressed as jLM/g tissue/s and Hb-s is the total amount of hemoglobin subunits re maining in tissue where the circulation is blocked; �S02 is the difference in oxygen saturation of hemoglobin; and �t is the time difference.
In this study, we modified the dimension of CMR02 from jLM/g tissue/s to mL Oz/100 g tissue/min for compar ison with other data.
Spectrophotometer and spectral analysis Figure 1 shows the block diagram of the spectropho tometer (TS-200, Sumitomo-Electric, Osaka, Japan). U sing a flexible micro light guide of optic fiber bundles (2.4 mm in diameter), the cortical tissue was illuminated with light of a 100 W halogen lamp limited to produce light below 700 nm by a filter; the reflectance spectra ranging between 400 and 700 nm were analyzed. The spectral range used for hemoglobinometry was from 569 to 586 nm, where oxy and deoxyhemoglobin show their own characteristic absorption, and also where the influ ence of mitochondrial pigments is minimal (Sato et ai, 1978) . The reflectance spectra from the brain tissue show absorption bands at 543 and 577 nm, which can be de rived from oxyhemoglobin, at 555 nm derived from de oxyhemoglobin, at 550 nm from ferrocytochrome c + C1 and 605 nm from ferri or ferrocytochrome aa3 (Sato et ai, 1981; Bashford et ai, 1982) (Fig. 2) . The scan time was 40 or 60 ms. For measurement of the tissue hemoglobin component, the computer pre memorized control absorbance in the blood-free cerebral cortex were subtracted automatically from the absorbance measured in vivo by microcom puter. Two parameters were set for hemoglobinometry: where 569 and 586 nm are isobestic points for oxyhemo globin and deoxyhemoglobin, 577 nm is the peak for oxy hemoglobin (Fig. 3) . The value 1.49 is calculated from the extinction coefficients of oxyhemoglobin and deoxyhe moglobin at 569,577, and 586 nm (Van Assendelft, 1970; Sato et ai, 1981) . Here, the formula of index (S02) is based on the assumption that the spectral band of deoxy hemoglobin shows a linear decrease from 569 to 586 nm (Sato et ai, 1981) and a close linear relationship between index(S02) and oxygen saturation of hemoglobin is shown.
To ascertain the above-mentioned computer calibration system for hemoglobinometry, it was confirmed that the value of index(Hb) was nearly zero in blood-free perfused brain for each animal in this experiment. This was deter mined by perfusion of 1,000 mL of saline from the heart of each animal following the experiment.
With our spectrophotoanalyzer, one scan and calcula tion of these two indices took 0.67 s. Thus, sequential data were obtained every 0.67 s.
Experimental procedure
Adult cats, each weighing 2.2 to 4.5 kg, were anesthe tized with intraperitoneal pentobarbital injection (30 mg/kg). Tr acheostomy was then performed � nd cathet � rs were inserted into a femoral artery and vem for artenal blood pressure monitoring and drug administration, re spectively. The animal was fixed in a stereotaxic frame in the sphinx position, paralyzed with pancuronium bro mide (0.1 mg/kg, i.v.), and mechanically ventilated. A trepanation, 10 mm in diameter, was made on the left pa rietal bone just over the suprasylvian gyrus, and the dura was opened. Care was taken for complete hemostasis to minimize bleeding into the cortical field of observatIOn. Another trepanation was prepared for electrocorticogram monitoring on the right frontoparietal area to avoid any influence of compression with the optic probe. Using a stereotaxic apparatus for appropriate compression, the tip of the optic probe with the holder was set perpendic ular to and lightly attached to the cortical surface. Com plete cessation of blood flow was achieved by manually pressing the optic probe onto the cortex as promptly as possible. The optic probe was fixed in this position to keep the compressing force as constant as possible. So as not to compress the large visible vessels, the cortical sur face was selected. Then, the measurement was carried out about 40-60 min after the introduction of anesthesia.
Determination of the tissue hemoglobin content
The content of cortical tissue hemoglobin was mea sured by Marklund's method (Murklund 1978 (Murklund , 1979 ). This method is based on the specific binding of hemoglobin by haptoglobin and the stabilizing effect of this binding on the peroxidase activity of hemoglobin. First, standard hemoglobin solutions with different concentrations were prepared in saline and assayed for peroxidase activity. The relationship between hemo globin concentration and peroxidase activity was ob tained. Then, saline-perfused cerebral cortex of the cat was homogenized. Various amounts of hemoglobin were added to saline-perfused tissue homogenates. After the measurements of their index(Hb)s by reflectance spec trophotoanalysis, they were rehomogenized in buffer so lution and centrifuged. The supernatants including hemo globin were assayed for peroxidase activity. From these data, a good linear relationship between index(Hb) . and hemoglobin concentration in cortical tissue was obtamed (Fig. 4) .
Statistic analysis
Statistical analysis was done using Student's t test Paired or nonpaired t test of means were applied.
RESULTS
Spectral changes of local tissue hemoglobin by compression Figure 5 shows the sequential changes in the spectra and the time-course of index(Hb) and index(S02) before, during, and after compression. The initial change of the reflectance spectrum fol lowing compression was a general decrease in ab sorbance-including that at 569, 577, and 586 nm, which was attributable to the blockade of blood in flow and the squeezing effect of blood from the compressed tissue. One or 2 s later, the decrease in absorbance at 569 and 586 nm, which are isobestic points of oxyhemoglobin and deoxyhemoglobin, ceased and both absorbance reached their new pla teau levels. However, the absorbance at 577 nrn, the peak for oxyhemoglobin, continued to decrease for 1 to 5 s. This decrease in absorbance at 577 nm, with the plateau levels of absorbance at 569 nm and 586 nm, was due to the decrease in oxygen satura tion of hemoglobin and could be regarded as the oxygen consumption in the compressed tissue. When the compression of local tissue was incom plete, either the decrease in absorbance at 577 nm became slower or the absorbance at 569 and 586 nm did not reach its new plateau levels. In four cats, the compressing force was measured by connecting the holder of optic probe with the pressure gauge. It ranged from 25 to 42 mm Hg.
LCMR02
The calculated CMR02 of local cortical tissue for each 0.67 s during compression showed that it re- mains almost constant during the first few s and then decreased rapidly (Fig. 6 ). This rapid decrease in the latter period of compression was observed in the majority of the measurements, especially when the index (S02) decreased below � 15%. In this study, the values in the early period of compression were adopted as the LCMR02. During the short pe riod of compression for measurement, no alterna tion was observed on arterial blood pressure and electrocorticogram monitoring.
Rate of local oxygen consumption
In normal cats anesthetized with pentobarbital, the LCMR02 ranged from 2. 14 to 3.7 1 mL O2/ 100 g tissue/min ( Table 1 ). The mean value was 3.02 ± 0.6 1 mL O2/ 100 g tissue/min.
The influence of blood pressure on LCMR02 was measured both at normotension (100-130 mm Hg of MABP) and at induced hypovolemic hypoten sion (65-85 mm Hg of MABP) in four cats. No sta tistical significance was noted among these obser vations (Table 2 ). Thus, changes in blood pressure did not, at least in the above mentioned MABP range, influence the LCMR02. In addition, to eval uate the effect of barbiturate on LCMR02, pento barbital was administered intravenously (2 mg/kg/ min) until electrocorticogram monitoring showed burst and suppression. At this time, the LCMR02 decreased to the mean value of 1.03 ± 0.07 mL 02/ 100 g tissue/min (Table 1) . This decrease was sig nificant.
Although the intravenous administration of pen tobarbital lowered the systemic blood pressure (MABP ranging from 70 to 90 mm Hg), it was al most the same as that of induced hypovolemic hy potension cats ( Table 2 ), so that the change in blood before, during, and after compression. Also, the nonlinearity of index(S02) in the late period of compression can be seen. The temporary reactive hyperemia which occurs just after the release of compression and usually disappears soon thereafter is illustrated (right). pressure would have no major effect on CMROz. Thus, pentobarbital did decrease the LCMROz with this method.
DISCUSSION
Reflectance spectrophotometry has been applied to investigate oxygen metabolism in vivo (Jobsis et aI, 1977 (Jobsis et aI, , 1978 Eke et ai, 1979; Balaban and Sylvia, 198 1) and in vitro studies (Butler, 1972; Conhaim and Staub, 1980; Bashford et ai, 1982) by analyzing reflectance spectra derived from endogenous pig ments such as hemoglobin or mitochondrial respira tory enzymes. In contrast to other approaches, this optical method provides information on oxygen me- Mean ± SD
Control group
3.05 ± 0.26 (n = 4) 2.14 ± 0.16 (n = 3) 2.75 ± 0.87 (n = 4) 3.71 ± 0.75 (n = 4) 3.44 ± 0.52 (n = 8) 3.02 ± 0.61"
Barbiturate group
1.02 ± 0.13 (n = 4) 0.95 ± 0.20 (n = 4) 1.03 ± 0.15 (n = 3) 1.15 ± 0.11 (n = 3) 1.01 ± 0.13 (n = 4) 1.03 ± 0.07"
Values are means ± SD (mL 0ilOO g tissue/min); n, number of measurements.
" p < 0.001 by Student's nonpaired t test.
J Cereb Blood Flow Metab, Vol. 7, No.5, 1987 tabolism in a very confined and specific region (Bashford et ai, 1982) . Furthermore, the brain tissue is considered to have ideal properties for re flectance measurement (Kaplan et ai, 1970) . We have shown that LCMROz can be calculated by the conversion rate of a kno wn concentration of hemoglobin from oxyform to deoxyform in the compressed brain tissue. A temporary cessation of blood flow in tissue is necessary for the measure ment either measured by spectrophotometry or by a microelectrode and clearance method of LCMROz in vivo. By the latter method, the partial pressure of tissue oxygen has to be raised above 100 mm Hg to be independent of intracapillary he moglobin-bound oxygen (Leniger-Follert, 1977) . In this study, blood flow was locally stopped by com pression with the tip of the optic probe on the as sumption that the influence of temporary compres sion on LCMROz is negligible during this time.
The compressing force for complete cessation of blood flow in the cortical surface ranged from 25 to 42 mm Hg. Providing the compressing force was held constant, the blockade of tissue microcircula tion mainly depended on systemic arterial pressure, and consequently it was relatively low in the hypo tensive and the barbiturate groups. The dynamic arterial pressure in the pial arteriolar microcircula tion, measured by a micropipette system, was re ported to be 51 % of the aortic pressure (Shapiro et aI, 197 1) and 41 mm Hg or 47% of systemic arterial pressure (Schmidt-Kastner et ai, 1987) . However, the pressure in the precapillaries and capillaries of the cortical surface tissue may still be lower than that of the pial penetrating arterioles. The capillary pressure level at which cerebral blood flow (C BF) disturbance starts to develop is reported as 30-35 mm Hg (Hayashi et ai, 1983) . Thus, the com pressing force used in this experiment is considered adequate for blocking microcirculation in the cor tical surface tissue.
This study showed that the calculated LCMROz remains constant during the early period of com pression. This constant phase continues for 1-2 s and then LCMROz decreases rapidly. This drop in oxygen consumption was usually observed when the index(SOz) became less than � 15%.
An increase in the amount of ferrocytochrome aa3 and c + C1 and of reduced pyridine nucleotides and flavoproteins was observed during anoxia when the cerebral cortical hemoglobin was >85% deoxygenated (Bashford et aI, 1982) . Similarly, an increase in the amount of ferrocytochrome c + C1 was reported to reach almost 100% in the liver when the oxygen saturation of hemoglobin became <10% (Sato et ai, 198 1) . These observations indi- cate that the redox state in tissue, especially in mi tochondrial respiratory chain, may be altered when the oxygenation level of cortical hemoglobin de creases below a certain level (less than � 15% in our study). A similar phenomenon was found in cats by the microelectrode-c1earance method which re sulted in speculation that accumulation of H+ ions, which cannot be washed out, inhibit the enzymes of the mitochondrial respiratory chain during ischemia and the local extracellular H + activity distinctly in creases in the cortex within 6-12 s after the begin ning of ischemia (Leniger-Follert, 1977 ). An intra cellular drop in pH was also observed after 5-10 s in ischemia of rat brain by local arterial occlusion (Shilver, 1978) . If the hypothesis of Leniger-Follert is correct, the later decrease in calculated CMROz may be derived from time-dependent microcellular environmental changes in ischemia rather than the level of hemoglobin oxygenation.
The mean value of CMROz of 3.02 mL Oz/ 100 g tissue/min in this study of cats is lower than that measured by other methods (Davies and Grenell, 1962; Lubbers, 1968) . In normal human brain, CMROz of gray matter measured by positron emis sion tomography is reported to be 4.67 or 5.9 mLil00 g/min (Frackowiack et aI, 1980, 198 1) .
The results of this study may be due to the de tectable depth of the reflectance signals. Since op tical energies are highly absorbed by the tissue, the field of view is not expected to extend far below the surface of the tissue. Although the depth of optical reflectance was not determined in the present study, the values measured by fluorometry in pyri dine nucleotide have been reported as 0.7 mm (Chance et aI, 1978) to 0.8 mm (Eke et aI, 1979) in the cat brain cortex and as 0.5 mm in the rat kidney cortex (Chance et aI, 1962) . Therefore, our mea surement of LCMROz may be limited to the super ficial layers of the brain cortex, which are mainly composed of sparse nerve cell layers. Although the depth of the inserted microelectrode into the cere bral cortex of the cat was not described, Leniger Follert (1977) reported values similar to those in this study for LCMROz (3 ± 1.5 mL Oz/ 100 g tissue/min) on the same region (cortical surface). These relatively low values of CMROz in the super ficial layers of the cortex indicate that the cortex does not have uniform CMR02 through its depth but rather that the different cortical layers have dif ferent metabolic rates (Davies and Grenell, 1962) .
Though the measurement was done on the as sumption that oxygen metabolism is negligibly in fluenced during a short period of compression,. tissue distortion by compression may influence the CMR02. However, no detailed information is avail able. In addition to these factors, the effect of anes thetic drugs on cerebral oxygen metabolism cannot be neglected (Nilsson and Siesjo, 1975) .
Barbiturates are known to lower oxygen metabo lism (Homburger et aI, 1946; Nilsson and Siesjo, 1975) . In this study, pentobarbital significantly de creased the oxygen metabolism on cortex to 34% of the control level at the stage of burst and suppres sion on the electrocorticogram. Although the sys temic arterial pressure was also lowered by pento barbital, this pressure change itself did not influ ence the CMR02. Thus, the lowering effect of CMR02 by pentobarbital was demonstrated by this simple method. We also examined the detectability of a high metabolic state of oxygen in a cat of epi lepsy model. The value we obtained, 7.54 mL O2/ 100 g tissue/min, seemed unreasonable because the de crease in the index(S02) was so rapid that the value instantly dropped below 15% at the first CMR02 measurement (0.67 s as measured by spectropho ' toanalyzer) after the index(Hb) of compressed tissue reached a new steady state. This problem is due to the time necessary for each scan and calcu lation by the spectrophotoanalyzer. By shortening this time, high CMR02 may be measureable by this method. Thus, this simple compression method with spectrophotoanalysis is valuable in the evalua tion of the LCMR02 on the cerebral cortex in vivo.
